Abstract: This study aimed to improve the flexibility of E-51 epoxy resin by using polyamide/polyether amine as a two-component curing agent. Through solid state nuclear magnetic resonance (SSNMR), it was found that the crosslinking density of epoxy resin could be effectively reduced by adding the polyamide and polyether amine curing agent. The tensile tests showed that the elongation-atbreak was remarkably improved. It was found by differential scanning calorimetry (DSC) that the curing behavior of the polyamide epoxy curing system varied with the addition of different polyether amine. Phase contrast microscope showed that phase separation occurred during the reaction of epoxy resin with the polyamide/polyether amine composite curing agent. In this paper, the modified epoxy resin was endowed with high elongation-at-break (>100%) and appropriate tensile strength (10~20 MPa).
Introduction
Epoxy resin is widely used as an adhesive coating due to the matrix of composite materials with its outstanding adhesion to various substrates, high chemical and corrosion resistance, good mechanical and thermal properties and low shrinkage upon curing. The high cross-linking density of epoxy resin results in high brittleness and poor toughness, which limits its use in applications requiring high toughness. Many approaches could be used to enhance the toughness of epoxy resin including a physical method and a chemical method (1) .
The physical method is to blend the epoxy resin with the toughening material or to add the dispersed second phase to the epoxy resin. Rubber elastomer (2) , thermoplastic resin (3, 4) and inorganic rigid particles (5) are the main materials that can be used as toughening agents. The stress concentration can be reduced and the crack propagation in the matrix can be prevented with the second phase particles being introduced (6) . The chemical method is to introduce the flexible chain segment into the crosslinked network of the epoxy resin or to modify the crosslinking structure by adjusting the cross-linking density (7) . Compared with the physical toughening method, it can enhance the flexibility of the molecular chains effectively and consequently improve the elongation-at-break.
Viju et al. (8) used natural rubber to toughen the epoxy resin, and the result showed that the maximum elongation-at-break of the modified epoxy resin was 7.8% when the content of natural rubber was 15%. Xu et al. (9) studied the effect of precross-linked CTBN (carboxylatedterminated liquid acrylonitrile-polybutadiene rubber) on the mechanical properties of epoxy resin. The maximum impact strength was 1.95 kJ/m 2 , and the elongation-atbreak reached 6.6% when the rubber content was 15 phr.
Jamshidi et al. (10) found that the polyether amine could improve the toughness of epoxy resin, and the synergistic effect of dicyandiamide and polyether amine made the sample with composite curing agents more flexible. Zhang et al. (11) used the two-component curing agent containing polyether amine D2000 and D400 to cure a bisphenol-A-based epoxy resin (E-51). The result showed that the elongation-at-break was above 50%.
Here we used the polyamide and the polyether amine as a curing agent to eliminate the high brittleness and poor toughness of traditional epoxy resin. Not only could the two-component curing agent increase the flexibility of the cross-linked network, it adjusted the cross-linking density by the phase separation induced by the curing reaction as well. In this paper, the modified epoxy resin was endowed with high elongation-at-break (>100%) and appropriate tensile strength (10~20 MPa).
Experimental

Materials
Bisphenol-A-based epoxy resin (E-51, 861340; Chemically Pure) supplied by Nantong Stars Synthetic Material Co., Ltd. Nantong, China was used as the matrix. Polyamide (TY650, TY600, TY3051; Chemically Pure) supplied by Tianjin Yan Hai Chemical Co., Ltd. Tianjin, China, polyether amine (D2000, D400, T403; Chemically Pure) supplied by Shenzhen Huite Chemical Co., Ltd. Shenzhen, China and polyether amine (ZD123; Chemically Pure) supplied by Zibo Zhengda New Material Co., Ltd. Zibo, China were used as the curing agent.
The chemical structures of polyamide is as follows:
The chemical structures of polyether amine is as follows:
For ZD123, x = 2.6; for D400, x = 5~6; for D2000, x = 33. The chemical structures of T403 is as follows:
For T403, x + y + z = 5.6. The specification of the epoxy resin and the curing agent in this paper are shown in Tables 1 and 2 .
Preparation of samples
To evaluate the effect of curing agents on the epoxy resin (E-51), several formulations were prepared (Tables 3  and 4 ). Curing agents were mixed with epoxy resin as pre-calculated stoichiometric ratios. The dosage of the polyamide and polyetheramine curing agent can be determined by the formula as follows: 56,100
: Weight of curing agent required per 100 g epoxy resin;
: Amine value of the curing agent;
: 1 1.25;
: Epoxide number of the epoxy resin.
Characterization and instrumentation
Differential scanning calorimetry
The curing behavior of the samples was investigated by differential scanning calorimetry (DSC) (SETARAM LCT 24532/01 calorimeter, France), and the measurements were obtained under argon atmosphere at a heating rate of 10°C/min from 30°C to 200°C. 
Cross-link density determination
The cross-linking density was measured using the method of solid state nuclear magnetic resonance (VTM20-010V-T, Shanghai Niumai Electronic Technology Co., Ltd.).
Tensile tests
The tensile properties were measured using a universal testing machine (CMT-4202, Mester Industrial Co., Ltd.) according to GB/T 2567-2008 standards. The rate of tensile test remained at 50 mm/min and the average of five specimens was recorded.
Phase contrast microscope
A phase contrast microscope (CX31, Olympus Corporation) was used to observe the phase separation of cured samples. A small amount of resin mixed with curing agent was coated on the slide glass and covered with a cover glass to make a specimen for observation. These samples were cured under the same curing conditions as the cast specimen.
Cross-linking density
Solid state nuclear magnetic resonance (SSNMR) was used to check the cross-linking density by comparing the relaxation time of H proton belonging to different molecular chains. There are three kinds of cross-linking chains in the cross-linking system: the cross-linking chain, the dangling chain and the free chain. The relaxation time reflects the chemical environment of the H protons inside the molecule, which are related to the binding force and the degrees of freedom. The greater the binding force of the H proton or the smaller the degree of freedom is, the shorter the relaxation time will be. By comparing the relaxation time of different H protons and analyzing the model, the cross-linking density information of the cross-linking system can be obtained.
Results and discussion
Mechanical properties
The tensile strength and elongation-at-break of the epoxy resin cured by a single curing agent are shown in Figure 1 . As shown, the elongation-at-break of epoxy resin cured by polyether amine curing agents is above 100% with the maximum value over 400%, and the elongationat-break of samples cured by polyamide curing agents E-51  TY650  TY3051  TY600  ZD123  D400  D2000  T403 1-1 30.0 never outstrips 100%. The ether bond is contained in the polyether amine molecule, which makes the flexibility of its molecular chain better than that of polyamide curing agents. As the flexible chain segment is introduced into the cross-linked network of epoxy resin, the molecular chain of cross-linking system can be stretched more easily and fully during the process of tensile tests, resulting in a higher elongation-at-break (12).
Sample no
Compared with other samples cured with polyamide, sample 1-1 takes on the higher tensile strength and elongation-at-break. In the subsequent experiments, an epoxy resin cured with TY650 was used as a basic system and mixed with a polyether amine curing agent to further improve the elongation-at-break of the epoxy resin.
The tensile tests results of the samples are shown in Figure 2 . As is shown in Figure 2 , the tensile strength of epoxy resin is reduced and the elongation-at-break is enhanced with the addition of the polyether amine curing agent in the polyamide cured E-51 system.
The solid state nuclear magnetic resonance is adopted and the cross-linking density is shown in Table 5 .
As shown in Table 5 , the result demonstrates that the addition of different polyether amine curing agents will change the cross-linking density of the system, and the curing agent with a large molecular weight will reduce the cross-linking density of the system. The effect of cross-linking density on tensile strength and elongation-at-break is shown in Figure 3A and B.
It can be found from Figure 3A that the curve of tensile strength is similar to that of cross-linking density. The higher molecular weight of the curing agents makes the lower cross-linking density as they possess the same degree of functionality. The decrease of the cross-linking density reduces the tensile strength of the samples.
As Figure 3B shows, the elongation-at-break is negatively related to the cross-linking density as a whole, while the two specimens contradict the rules. The sample 2-3 containing TY650 + D2000 should have possessed a higher elongation-at-break than the others.
As Figure 4 shows, the severe phase separation occurs during the curing reaction and the continuity of epoxy matrix is destroyed by the precipitated phase, which brings about a stress concentration and results in the decrease of the tensile strength and elongation-at-break (13) . The cross-linking density is related to the degree of functionality of the curing agent. The greater the degree of functionality of the curing agent is, the greater the cross-linking density becomes in the case of a similar molecular weight of the curing agents. As shown in Figure 3 , the cross-linking density of the sample 2-2 is higher than the sample 2-4, although T403 has a higher degree of functionality. Through the phase contrast microscope (400×), the phase separation is shown in Figure 5A and B.
As the molecular weight of the matrix increases as the curing reaction process gets underway, the compatibility of the unreacted curing agents and the epoxy resin becomes worse, then the curing agent may separate out (14) . The partial isolate curing agent cannot be involved in the curing reaction, resulting in the lower cross-linking density compared with the system where there are fewer or no phase separation. Figure 5A and B show the phase separation of the sample 2-2 and 2-4. The small dosage of T403 curing agent and the more severe phase separation cause a large number of reactive groups to be absent from the curing reaction, so that the cross-linking density deviates from the ideal consequence.
Curing
The behavior of epoxy systems was studied by DSC. The consequence of samples 1-1, 2-1, 2-2, 2-3 are shown in Figure 6 . Figure 6 shows that the reaction of sample 2-3 across a much wider range of temperature. It indicates that a much longer time is needed to cure the TY650 + D2000/ epoxy sample. The area under the DSC curve for the sample 1-1 is about 23,700 J/g, higher than that for the others (sample 1-1 is about 19,080 J/g, sample 2-1 is about 20,280 J/g, sample 2-2 is about 19,440 J/g) pointing to the fact that more heat has been released during the curing reaction, which means that more primary amine group is involved in the curing reaction. However, the large molecular weight and the linear chain make the cross-linking point far apart, which causes the lower cross-linking density of sample 2-3.
The DSC curve of the sample 2-3 in Figure 6 shows that the final curing temperature is higher than 200°C, while the other three samples stop the curing reaction at about 180°C. It is caused by the low reactivity of D2000. The molecular structure of curing agents ZD123, D400 and D2000 are similar but the lengths of the linear chains of them are different. The long molecular chain and large molecular weight reduce the reactivity of the primary amine, so a higher temperature is needed to make the curing reaction between D2000 and epoxy occur (15) .
The different reactivity may cause the different peak temperature. The optimum reaction temperature of PA650 is about 100°C~140°C (16) , while that of the ZD123 and D400 are below 50°C (11) . By comparison with sample 1-1 that was cured with single TY650, DSC curves of the sample 2-1, 2-2 that was cured with TY650 + ZD123 or TY650 + D400 show two important peaks in Figure 6 . At about 50°C the ZD123 and D400 get the optimum reaction temperature and the curing reaction reaches the first peak value. And at 150°C, the reaction between the TY650 and epoxy reaches the optimum reaction temperature, then the second peak value of the reaction occurs. Before the higher peak, the DSC curve of sample 2-3 coincides with the sample 1-1, which means the reaction of 1-1 and 2-3 is similar before 120°C. After 120°C, the reaction between D2000 and epoxy is underway and the superposition of the reaction between the epoxy and D2000 or TY650 produces the higher peaks.
Conclusion
Compared with traditional epoxy resin, epoxy resin cured with polyamide and polyether amine has improved its flexibility, the strength of samples is less than 20 MPa, and the elongation-at-break is more than 100%. The application of polyamide and polyether amine and the synergies effect can improve the flexibility of the epoxy resin by reducing the cross-linking density. The samples cured with a two-component curing agent containing D400 and ZD123 holds a moderate strength and a higher elongationat-break, and the curing agent D2000 will increase the final curing temperature.
The phase separation induced by the curing reaction occurs which leads to the decrease of the cross-linking density. Appropriate phase separation will improve the elongation-at-break of the epoxy resin, but the serious phase separation will destroy the continuity of the matrix, resulting in the drop of tensile strength and elongation-at-break.
